This work reports measurement of temperatures of the melting drops in the previously designed and presented melt dripping experiments of thermoplastic polymers. A simple heat transfer model has been used to compute the surface temperatures of the polymer sample at various furnace temperatures and thus the temperatures of the molten drops dripping from the melting surface. The model has been validated by experimental results. The temperatures of the molten drops could help in predicting the degree of degradation in a polymer during melt dripping. By conducting thermogravimetric analysis of both the polymers and their molten drops, a degree of degradation could also be predicted. The values obtained from both approaches have been compared in order to understand the melt dripping/degradation behaviour of polymers.
flammable volatile gases released in a dynamic loop that leads to the sustainability of fire growth, the downward flow of flaming liquid from melting and dripping polymer may result in a pool fire [1, 2] . Thermoplastic materials also tend to deform significantly as they burn. Thus large changes in the geometric shape in burning conditions are common. These two aspects of thermoplastics are difficult to control and need to be understood through laboratory and modelling work [2] [3] [4] [5] [6] [7] .
In small scale laboratory experiments to measure the flammability of polymers in vertical orientation, namely the limiting oxygen index (LOI) [8] , the flame spread test [9] , and the UL-94 test [10] , only in UL-94 test is the melt dripping behaviour observed and noted. In the latter, based on whether the dripping ignites the cotton placed under the test specimen, the sample is rated 'pass' or 'fail', but no quantitative data is recorded. In the cone calorimetric tests [11] usually the sample is tested in contained horizontal orientation and hence, melt dripping is not an issue. Hence, it is clear that to date no such test method is available where the melt dripping behaviour is quantified.
From the published research literature [3, 4, 6, 7, [12] [13] [14] it can be seen that many researchers, including ourselves [15, 16] are attempting to do so, mainly by measuring the mass of the drops of vertically oriented sample exposed to a radiant panel or in the burning mode of the vertical UL-94 test. Most of the reported experimental work [3, 4, 6, 7, 13, 14] and modelling of the thermal process [5] [6] [7] 13, 14, 17, 18] has been under fire operating condition, with a limited work on just melt dripping under thermal environment. We have tried to fill this gap.
In our recently published work [15] , we studied the melt dripping behaviour of six different commodity polymers: polypropylene (PP), polyamide 6 (PA6), polyester (PET), polycarbonate (PC), polystyrene (PS) and polymethyl methacrylate (PMMA), exposed to convective heat in a purpose built electric furnace. Each polymer was placed in the furnace at four different temperatures, which were selected in the temperature range between the temperature at which melt dripping starts and the temperature at which the sample ignites and starts burning, the information used is given in Table 1 . The temperature range of the furnace temperature when polymer starts melting and igniting (TD -I) varied and depended upon the polymer type as is shown in Table 2 .
Mass loss representing volatilisation and melt dripping as a function of time were recorded. The number, diameters and shapes of individual drops were measured and it was found to be influenced by the mechanism of decomposition of each polymer type. Based on these results, the melt dripping of these polymers could be divided in four groups (see Table 2 ). For PP (Group 1) dripping was very fast and wax like and there was little effect due to set furnace temperature from 625 to 690 o C.
PA6, PET and PC had very similar melt dripping behaviour and could be grouped together (Group II). In these polymers TD -I was > 200 o C and mass loss occurred in steps, each step corresponding to one drop. 8 -12 drops were recorded. The melt dripping behaviour of PS was very different from that of the other polymers. The temperature range between the first melt dripping and igniting of the polymer, TD -I, was 75 o C, which is closer to that shown by the Group 1 polymers. However, the number of drops observed was less being similar to those in Group 2. The melt dripping behaviour of PMMA was very different from all others polymers studied with significantly high volatilisation occurring prior to melt dripping. However, temperature has no effect on either the diameters or the thicknesses of the drops. These different behaviours were related to the mechanism of decomposition of each polymer type [15] , also observed and reported by other researchers [2, 3, 4, 14] . From thermogravimetric analysis and rheology studies of virgin polymers and their molten drops it could be concluded that the melt dripping is a combined effect of physical melting and polymer decomposition, which results in a decrease in the viscosity of the molten drops. However, to assess the degradation, it is important to know the temperatures of the molten drops.
This paper extends this work. A system has been developed to enable the temperature measurement of the melting drops in the melt dripping experiment. A simple heat transfer model has also been used to compute the polymer surface temperatures, at set furnace temperatures, and thus that of the molten drops. This has been validated by experimental results. The temperatures of the molten drops can help in predicting the degree of degradation in a polymer during melt dripping. By conducting thermogravimetric analysis of both the polymers and their molten drops, the degree of degradation can also be predicted. The values obtained from both approaches have been compared to understand the melt dripping behaviour of polymers.
Experimental

Polymer samples
The following six commercially available polymers were sourced in chip form:
Polyamide 6 (PA6), Technyl C 301 Natural, Rhodia, France
Polyethylene terephtalate (PET, polyester), from Fibre Extrusion Technology, UK.
Polycarbonate (PC), Beyer Makrolon, in form of 4 mm thick sheet.
Polystyrene (PS), Rapid electronics, in form of 2 m 457x 305 blue plastic sheet (37-3142). Blue pigment less than 1% of total mass, determined via TGA. 4 mm sheets were prepared by running a thin layer of methyl ethyl ketone (MEK) over one of the surfaces and pressing together and clamping under weight.
Polymethyl methacrylate (PMMA), Vision polymers as 4 mm sheets.
From polymer chips of PP, PA6 and PET plaques were prepared by a melt pressing process.
Polymer chips were transformed into 150 mm x150 mm x ~ 3 mm sized plaques at the melting temperature of the polymer and a pressure of 20 kg/cm 2 for 3 minutes, followed by sudden cooling.
The polymer plaques were then cut into small specimens of 100 mm x 6 mm x 3-4 mm sizes.
Drop temperature measurements
The details of the melt dripping test rig developed and used for melt dripping experiments have been described elsewhere [15, 16] . This essentially consists of a 800 Watt home-built, movable electric furnace with a bore of 25 mm diameter and 120 mm length. The furnace is managed by a temperature controller with adjustable temperature limit up to 900 °C. Dynamic recording of the mass of the polymer sample (100 x 6 x ~3-4 mm) is made by a digital mass balance connected to a computer. The sample is fixed and a pre-heated furnace is raised on rails via a pulley arrangement until the bottom of sample is in the centre of the furnace. The melting drops are collected on an aluminium foil placed on a conveyer belt placed beneath the furnace and moving at a predetermined uniform speed.
For the current studies, the rig was modified in order to be able to measure the temperature of the drops. To achieve this, the conveyer belt, previously placed beneath the furnace was replaced with an adiabatic container placed immediately beneath the furnace as shown in Figure 1 (a, b) . The container was developed by drilling a hole into a block of wood, lining this with heat resistant ceramic wool and ultimately with a layer of thick aluminium foil. Five thermocouples were inserted into this collector through holes drilled in the wooden plate, the thermal insulation and aluminium foil, allowing the molten polymer drops to fall directly onto the exposed tips (Figure 1(c) ).
Temperature measurements were recorded as a function of time. Of the five thermocouples used, negligible variation was observed between their temperatures. immediately under the centre of the furnace to ensure the minimum time between the drop leaving the molten surface of the sample and collection, hence it was assumed that heat losses between the drop falling, collection and temperature measurements can be ignored.
Furnace set temperatures at which the measurements were taken are given in Table 1 .
Thermogravimetric analysis
Polymers and their molten drops at one particular furnace temperature, as collected on the conveyer belt, were analysed by thermogravimetry, performed on an SDT 2960 simultaneous DTA-TGA instrument (TA Instruments) from room temperature to 600 ºC at heating rate of 10 ºC/min in both air and nitrogen flowing at 100 ± 5 mL/min. The analysed results are given in Table 3 .
Theory and model for surface temperature estimation
A one-dimensional heat transfer model has been used to estimate the surface temperature of the melting polymer. Both the latent heat of melting and polymer degradation are included in this model. The sample shape is considered as a rectangular polymer slab immersed in the furnace at a number of controlled temperatures ( Figure 1 ). The heat flux q(t) emitted, from the internal walls of the furnace, acts on all the polymer faces as shown in Figure 2 . It is assumed that the heat exchange by convection between the furnace and the sample is negligible compared to that exchange by radiation. It is also assumed that the surface temperature is uniform on each face of the sample, despite the fact that a rectangular slab of sample is in a cylindrical furnace. Due to the small sample size (6 mm x ~3-4 mm) in comparison with the diameter of the furnace (25mm) this approximation can be justified and hence, a one dimensional (1D) model can be applied. The molten material is taken to be immediately removed upon formation, thus the boundary condition is moving. The heat transfer describing the model is the balance equation (1), which takes into account melting as well as gasification of thermoplastic polymer due to pyrolysis. This 1D energy equation describes a heated slab of thermoplastic polymer material of thickness heated at incident flux q(t) at = 2 ⁄ [19] .
The left hand side of Eqn (1) represents the variation of the internal energy while the first term of the right hand side is the heat transfer by conduction within the thermoplastic polymer, the second term is the energy loss by pyrolysis and the third term is the moving boundary energy loss. So, Eqn(1) has to be solved for ( , ). Where is the temperature, is the density, is the heat capacity, is the thermal conductivity, is the heat of gasification and mass loss rate is given by the Arrhenius expression:
Where: is the pre-exponential factor, is the activation energy and is the constant of perfect gas. The velocity at any position within the slab is given by:
 Initial conditions At = 0, = and = 2 ⁄ , while the furnace wall temperature is the experimentally set temperature for each experiment, (please note that sample is inserted in a preheated furnace).
 Boundary conditions
Where is the heat exchange by radiation between the sample and the furnace, the emissivity of the wall furnace is taken to be 1, the polymers absorption coefficient is 0.96 [20] , is the Stefan Boltzmann constant, is the furnace wall temperature, is the polymer temperature, is the ambient temperature and is the time.
The material properties taken from the literature [20, 21] or measured experimentally are given in Table 4 . The kinetic parameters were obtained from TGA experimental results in nitrogen atmosphere. The problem is to estimate the melting temperature in the front by determining the temperature profile in the slab. The equation (1) is solved numerically by using the Finite Difference Method (FDM) computed in Matlab software. When the surface temperature of the sample, T, is below the onset of decomposition temperature of the polymer (measured experimentally by TGA (Figure 4) ), the first and third terms of the right hand side of equation (1) are numerically solved. Whereas when the temperature is above the onset of decomposition temperature of the polymer, the equation (1) with all three terms (involving heat of pyrolysis / gasification) are solved. Comparisons with experimental results are carried out to validate the modelling results.
Results and Discussion
Surface temperatures of the molten drops
In Table 1 the temperatures of the furnace setting for measuring the temperatures of melt drops as a result of exposure to different temperatures are presented. As can be seen, in the present work some of the furnace setting temperatures (column 5 of Table 1 ) are different from those used in our previous melt dripping studies (column 4 of Table 1 ), [15] . In some cases such as PP, melt dripping was very fast and at very high temperatures meaningful data could not be obtained, hence lower temperatures were added to get sufficient data to observe trends.
Temperatures of the drops falling on thermocouples were recorded as the maximum temp reached by each thermocouple as a function of time (Figure 1(d) ). The results showed that at one particular furnace temperature, the temperature of drops varied within a certain temperature range which increased with increasing furnace temperature. The variation in temperature at a particular furnace set temperature was not observed to be a function of time. The average temperature of drops increased with increasing furnace temperature as shown in Fig. 3 .
The curves in Figure 3 could be divided into three zones.
Zone 1: This corresponds to the area below the temperature range of the theoretical melting point (given in Table 3 ) where the dripping is mainly due to polymer softening and falling due to gravity.
In this area the collected drops were not really molten drops but thick pieces of polymer, which
were not completely melted. The weight of the softened sample predominates and due to gravity the pieces of polymer fall.
Zone 2 : This corresponds to temperatures between the theoretical melting point and the decomposition limit. The onset of decomposition temperatures of all these polymers reported in Table 3 have been obtained from the thermogravimetric curves in Figure 4 and are temperatures where 5% mass loss occurs. The temperatures in this range correspond to temperatures of molten drops. The variation in the temperatures can be related to the viscosity of the polymer melt. If the viscosity is not low enough, the drops don't fall immediately; they have time to rearrange their molecules, hence the temperature changes. When the viscosity is right and the molten drop is big enough, it falls due to gravity. These analysed results are given in Table 3 . The degree of degradation depended upon the polymer type and the air/nitrogen atmosphere.
Relationship between temperatures of drops and degree of degradation
As can be seen from Figure 3 (a), the temperatures of PP drops obtained at a furnace temperature of 660 o C lie in zone 3, which is above the onset of decomposition temperature. From Table 3 it can be seen that the degree of degradation in air is 36.8% and in N2 it is 49%. The atmosphere in the furnace is most probably static air, as in the tubular furnace though open from above and below, the air is not flowing at a particular rate. Hence, from TGA experiments, it can be related to in between these two atmospheres.
In PA6, PC and PET, the temperatures of the drops at furnace temperatures of 560, 650 and 565 o C ( Fig. 3(b -d) ) lie in Zone 2, i.e. in the melting zone. While there is no/minimal degradation observed for PC and PET, Table 3 , in PA6, 26.6% in air and 13.2% in N2 can be seen.
PS drops collected at and above 570 o C furnace temperature lie in zone 3, i.e, above the onset of decomposition temperature, decomposition is to be expected. In Table 3 , 26.0 % degradation in air and 7.4% in N2 was observed for drops collected at 595 o C.
The temperatures of PMMA drops at 550 o C lie on the border of Zone 2 ( Fig. 3(f) ), indicating that above this temperature there could be decomposition, which can be observed in Table 3 , for drops collected at 575 o C.
Comparing the behaviour of the different polymers in the furnace experiment, Figure 3 , it can be seen that only PP and PS show any data in zone 3, i.e. the decomposition zone despite the fact that these the furnace settings for zones 1 and 2 being above the Tonset for all of these polymers, Table 3 .
The reason for this can be attributed to the nature of the two experiments. In the case of the TGA experiments the samples analysed are very small, ca. mg, and the rising temperature through the sample is assumed to be homogeneous throughout. Thus the thermal behaviour represents the sample behaviour at the indicated temperature. In our dripping experiments, the sample is of finite size (100 X 6 X ~3-4 mm). The molten drops originate at the surface which will be at the highest temperature experienced by the polymer. As the drop falls its temperature decreases and only in the case of PP and PS does any decomposition occur before the drops are collected and condensed on the collection platform below the furnace of the dripping experiments.
Estimation of surface temperature of melting polymer from 1D heat transfer model
For thermal mathematical modelling, properties such as thermal conductivity, specific heat capacity, density, degree of degradation reaction, energy of activation, pre-exponential factor etc.
are required. Thermal conductivity, specific heat capacity and specific density of different polymers taken from literature are reported in Table 4 . As discussed in Table 4 , values at different temperatures were used. However, values were not obtained at all temperatures, hence some differences in simulated and experimental values are expected. Kinetic parameters (pre-exponential factor "A" and the energy of activation, Ea) have been obtained by running TGA experiments at different heating rates. Kinetic parameters obtained for decomposition in nitrogen atmosphere using the Flynn-Wall-Ozawa method [22] , reported in Table 4 have been used for these simulations.
The simulated results for all polymers at all furnace temperatures together with the experimental plots are shown in Fig. 5 . The simulated temperature profiles parallel the experimental profiles in that an initial temperature rise is followed by either a much slower temperature rise or a plateau.
Thus there is very good agreement between the experimental and simulated profiles.
Prediction of degree of polymer degradation from predicted drop temperatures
From thermogravimetric studies, assuming the polymer decomposition is a first order process, the reaction rate can be expressed
The extent of reaction, defined by the reaction mechanism, and α is equal to
where 0 , and ∞ are, respectively, the initial mass, the mass at any experimental time and the residual mass at the end of reaction process. Thus the rate of decomposition is given by
Where is the degree of reaction, ( ) and ( ) are functions of degree of reaction and temperature, respectively. ( ) is usually represented by Arrhenius equation:
The Eq. (5) can be shown as following:
Where A is the Arrhenius pre-exponential factor and β the heating rate. Under non-isothermal conditions, integration of this equation may be written as:
The solution of equation (7) solved for via Matlab is expressed theoretically by:
Where is an exponential integral. Thus a value for α can be calculated for any defined temperature T (degrees Kelvin) in air or in nitrogen by using kinetic parameters from TGA in air or nitrogen, and so the extent of decomposition at any estimated drop temperature can be compared to the degree of decomposition as calculated from the experimental TGA data, as shown in Figure 6 . It should be noted that here the predicted surface temperatures (using furnace dynamics in Section 4.3) have only been used to simulate the degree of degradation using equation (8). The simulated results have then been compared with experimental results from TGA experiments ( Figure 6 ). The simulations in air or nitrogen atmospheres (Fig. 6 ) have been carried out using kinetic parameters from respective TGA experiments in air or nitrogen atmospheres. In Fig.6 , the primary y-axis (left hand side) represents the furnace setting temperature, which corresponds to polymer temperature, obtained by simulations in Section 4.3 From furnace temperature the polymer temperature and subsequent degree of degradation can be estimated.
For the six polymers considered here, the plots in air and nitrogen are similar in shape with the experimental ones, however the estimations are not precise. In PP in air and PC, PMMA in both air and nitrogen the experimental curves preceded the theoretical curves by a gap of about 10 to 100 o C, the exact value depending upon the polymer type. However in case of PP in nitrogen and PA6, PET, PS in both air and nitrogen the predicted curves preceded the experimental ones. These discrepancies can be explained due to lack of accurate parameters at each temperature (Table 4) .
These observations however, indicate that, although not precise, the estimation of 'α' the degree of decomposition using the temperatures predicted via the model can provide a good indication of the temperature of the molten drops and 'α' the degree of decomposition at the predicted molten drop temperature.
Conclusions
The previously reported experiment for studying the melt dripping of polymers in the absence of a flame has been modified to also measure the temperature of the drops immediately after they fall from the heated polymer surface. The degree of any decomposition within the collected fallen drops Table 2 . Melt dripping behaviour of polymer plaques (size 100 x 6 x 3-4 mm) Table 3 . Analysis of thermal behaviour (DTA-TGA) of polymers in air and nitrogen atmosphere (values reported in parenthesis) of polymers and their molten drops. Table 4 . Thermal and physical properties of different polymers used for heat transfer modelling 
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